
-137- 

N o t  For Publication 
Presented Before the Mvision of Gas and Fuel Chemistry 

American Chemical Society 
Boston, Massachusetts, Meeting, April 5-10, 1959 

Desulfurization of Low Temperature Char 
I1 - Rate Data i n  A Continuous System 

J. D. Batchelor and E. Oorin 

CONSQIDATIOEI COAL COMPANY 
Research and Development Division 

Library, Pennsylvania 

The desulfurization of lowtemperature char i n  batch fluidized system6 
w a s  presented i n  previous publicationsl. 
would most l i k e l y  require the use  of a continuous processing technique. 
assessment of the  commercial po ten t i a l i t i e s  of the process therefore requires 
t ha t  experimental data be obtained i n  a system which is  aperated continuously 
both with respect to the so l ids  and the gas. 

Commercial application of the pmcess 
The 

Such data have now been obtained i n  a continuous bench scale fluidized 

Inhibit ion by the hydrogen su l f ide  product was found t o  control 
un i t  both using fresh hydrogen and recycle gas for desulfurization and are pre- 
sented here. 
the amount of desulfurization achieved. The results i n  t h i s  sense are similar 
t o  those regorted previously in deep batch beds2. 
i n  t e m s  of the  t o t a l  inhibit ion isotherms discussed previously. 

The data are interpreted 

Subsidiaxy data of i n t e re s t  are also presented r e l a t ive  t o  the rate 
of production of methane by direct hydrogenation of char and to the yield of 
hydrogen produced by the  devolati l ization of char. 

Prior data are available on the  production of methane by hydrogenation 
of char  by Dent3 and others4>5. None of the published data were obtained, 

however, i n  a continuous syste?n. 

Raw Material 

A low temperature char produced by the fluidized carbonization of a 
Pittsburgh Seam coal a t  95OoP was used i n  t h i s  work. 
chas  previously used in our batch work. 
i s  given in Table VI. The char was  fed without pr ior  drying. The moisture 
and elemental analysis vas determined for the  feed char t o  each run. These 
analyses varied somewhat from sun to run and each individual analysis was used 
i n  determining the elementary balances f o r  the corresponding run. odly an 
average analysis with the exception of the su l fur  content i s  given for the 
sake of brevity. 
been desulfurized t o  1.47 percent sulfur. 

Equipment 

It was the same Arkwright 
An average analysis of the feed char 

One run w a s  made, No. 9, w i t h  a char which had previously 

The MS were a l l  made i n  a continuous bench sca le  fluidized reactor 
system. Ihe equipment had been designed to  study gasification reactions at 



tm9eraturzs up t o  ~ S G O " ?  aad grsssures u~ t o  50 stzcsrheres. 
the equi2czct ere qui te  c o q l e x  and for brevity will 1ar;eiy be e l i e z z k 2  
fron tfie 2iscwssion here. A simplified flow diagaru i s  s t m  i n  Figure 1. 

The char was fed from a pressurized hopper by a mbber rol l  feeckr.  

n e  &tails of 

me feed rate is  re&atzd by a varieble speed drive which turns the feeikr 
sha f t .  
hoyper and the discharge from the rolls. 

A pressure equalizing l i n e  equalizes the pressure betireen t D t  feed 

me so l ids  a r e  picked up v i t h  the process gs, i.e., e i t he r  fresh 
hydrogen or recycle gas and transported in to  the fluidized reactor. 

me hydrogen was passed through a purifying t r a in  for renonl. of 

Tnese a re  not  shorn. The hyccmgen -as t h m  
Tns recycle gss 

oxygen and moisture which consisted of a n icke l -a lu ina  catalyst  chzrber a d  
a s i l i c a  gel tower in series. 
metered in to  the reaction systen by means of a rotmeter.  
runs were conducted by recycling the product gas, a f t e r  remval of nyarog'ln 
sulfide,  w i t h  a Cast ro ta ry  p u p  enclosed within a Dressure housing. 
hydrogen sulfide vas reaoved by passing through a catalyst  tube pcked  *d+h 
1/8-inch pe l le t s  of a su l fu r  acceptor containing 8O$ Cu-lG$ 7-10:', Cr. %s 
preparation and regeneration of t h i s  material was carried out according to 
the procedure recomended by the U. S. Bureau of Mines'. 

"e 

The fluidizing vessel was a 4-inch dieaeter cas t  Ouralloy (285 Cr- 
4% Xi) tube a;opmximately 55 inches long with a 60 degree c o x  bottoz. 
was supported by m e a n s  of a ring Joint flange t o  an upper section V h C h  was 
attached to  the top flange. 
r e s i s t an t  to attack by hydrogen.sulfide. 

It 

This par t icu lar  alloy w a s  fciu;d to  be quite 

The reactor tube vas surrounded by a concentric furnace which zon- 
tsined four independently controlled heater c i rcu i t s .  
maintained in  pressure balance v i t h  the furnace Jacket which vere both ea- 
closed i n  a l a rge  water jacketed pressure vesszl. 

' h e  reactor tube ::as 

The pressure bearing walls were held a t  450°F by controll ing the 
steam pressure and water l eve l  i n  the jacket. 

The inlet l i n e  t o  the reactor tube passes through e sacking S1-d 
a t  the bottom of the s h e l l  vessel  and thus seals t he  furnace zone f r o m  t5e 
reaction zone. P=essure bdance  was maintained across the reactor by u s h g  
a K e i i U  gcis re lay  $0 feed nitrogen to the furnece zone. 
a lso  fed a t  a metered rate through the top reactor flange t o  purge 'the dead 
space above the  bed level. 
gas runs. 

Purge nitrogen 'cis 

m s  was replaced w i t h  recycle gss i n  the recycle 

The fluidized.bed l eve l  vas controlled by an adjustable J-tube which 
entered through a pscking gland i n  the top flange. 
action products l e f t  t he  reactor through the J-tube and into a 1 4 2 "  i n t e m d  
&mete r  cyclone. The so l id8  knocked out of the gas i n  this cyclone flow by 
gravity t o  e i the r  of two char receivers selected by the char di-iereion valve 
mounted above them. The pa r t i a l ly  cleaned gas passed on to  ei'hsr of trro 
1/2" in te rna l  diazceter cyclo2es each of which were mounted inside a fines 
receiver. A f ines  diversion valve was placed upstrem for sxitchinq f ro3  one 
receiver t o  mother. 
was accciqliahed by the b3t f i l ter  which w a s  packed Kith a Piberglas blanket 
material. 

The solid and gaseous re- 

F ina l  cleanup of the  ex i t  gss f ro3  t he  f ines  receiver 



The f i l t e r e d  gas is cooled and the moisture condensed. A l iqu id  
l e tdam valve allm removal of the condensate. 

Excess gas 1188 th ro t t led  through a back pressure control valve and 
through a water bubbler t o  the w e t  t e b t  meter. 
t ro l led  the system pressure. 
amund the bubbler and through the thermal. conductivity cell. 

P i s  valve autocstically con- 
Part of the exhawt ges stresm could be by-passed 

lthe f resh  hydrogen runs were conducted on a once-through basis w i t h  
respect, t o  gas: After t e q z r a t u r e  and pressure i n  the reactor hail l ined out, 
the char feed was  s t a r t ed  and continued long enough t o  f i l l  the reactor arid 
gass three additional inventories throw& the reactor. The material be lace  
was i n i t i a t ed  by switching the char and f ines  so l id  products from the l ineout  
pots to the material balance pots. 
un i t  vas sHitched back t o  the l ineout catch pots and shut down inmediately by 
cutting of both the feed char and m. 

After the material balance period, the 

The bed o f  char remaining was drained from the  reactor and determined 
as 'the inventory weight. 
between the amount charged and the amount lef t  i n  the feed hopper a f t e r  the 
run. 
char in-zentory w e i g h t .  

The ueight of char fed was determinedby difference 

Tile residence t i m e  was calculated by comparison of t he  product ra te  t o  

Gas sanples uere taken during the mater ia l  balance period of the run. 
Triplicate bo t t l e s  were used f o r  a gravimetric7 analysis for carbon dioxide 
ar,d total carbon and hydrogen content, infrared analysis f o r  methane, ethane 
a d  carbon moziojdde and a Tutweiler analysis for bdrogen sulfide. 

bisture *yields were determined by the difference betueen the con- 
densate yie ld  and the moisture i n  the feed char &ter sl luwing f o r  uncondensed 
mois tu re  i n  the gas. 

Ultimate analyses were obtained on t he  product and feed chars. 

!&e recycle gas runs vere conducted i n  a similar fashion. Tbe unit 
was s tn i t ed  i n  operation with the systen f u l l  of hydrogen. 
i n  thise runs was continued u n t i l  the ou t l e t  gas composition reached a steady 
value as indicated by the  thermal conductivity ca l l .  
ge.8 rotameter reading was effected during the l ineout  period t o  compensate for 
changes i n  gas denslty. 

The l inecut period 

Adjustment of the recycle 

The operating data f o r  the fresh hydrotl;en end recycle gas runs are 

A negative figure indicates 
given i n  Tables I a d  11. 
the f resh  hydrogen runs are given i n  Table 111. 
a dsficiency i n  the product as coinpared w i t h  the feed. 
given as deterslined w i t h  the exception of the char yie ld  which i s  forced to 
give a 1CO percent weight balance. 
in the ::eight balance wa9 s e a t e r  thaa 3 percent. 
are o- ' - -  ,iLbed for the sake of brevity, 

The material and elemer?tary balances and yields f o r  

The yield figures are 

Char yield is omitted where the discrepancy 
%e gas and 8olida analyses 

Table I V  gives the corresponding data for the  recycle gas runs. All 
the yields i n  t h i s  case are forced, i. e. I the char yie ld  is adjusted to  give 
a 100 percent closure of the weight balance while simultaneously the  l iquor 
and product gas ra tes  w e r e  adjusted to obtain closures around the oqgen and 
hydrogen balances, respectively. . 

Tables V and V I  give the product gas and char analyses for the recycle 
%e gas andy3i8 i s  recorded as deternined w i t h  the exception of the gas mas. 

n i t rogen  content vhich was  forced t o  @ve a nitrogen balance. 



Mscussion i n  Terms of Total  InhXbition Isotherm 

The conditions which correspond to t o t a l  inhibit ion of the desul- 
furization process have been given I n  the previous papel2 I n  the form of the 
corresponding isotherms. 
requirements i n  batch fluidized systems. 
to determine the "equilibrlum" sulfur reduction that would be obtained i n  a 
single stage continuous fluidized system. 

lhese w e r e  used to determine the hydrogen circulation 
The isotherms may also be used directly 

The hydrogen c i rcu la t ion  requirements calculated i n  t h i s  manner are 
shown as a function of the sulfur l eve l  of the product char I n  Flgure 2. 
are sham f o r  three different treatment temperstuns, Le.,  llOO°F, 1350°F and 
1600~~. The hydrogen requirements are given i n  terms of standard cubic feet 
per pound of dry feed char measured a t  70°F. 
of an Arkwright char feed which bag an init ial  sulfur content of 2.45 w e i g h t  
percent. 

Curves 

The curves are baaed on the  use 

The hydrogen requirements are considerably la rger  than those given 
previously f o r  the  batch system. 
e f fec t  characterist ic of the batch system. Staging i n  a continuous system may 
be e f f ec t edby  separately devolati l izing the char and then using a multi-stage 
countercurrent hydrogen treatment system f o r  desulfurization. 

This is because of the absence of the staglng 

The devola t i l i za t ion  reduces the sulfur of the  feed char f r o m  2.4 
t o  1.9 weight percent vithout the addition of external hydrogen. 
cumes giving the hydrogen rec i rcu la t ion  requirements for multi-stage systems 
of the above type at 1 6 0 0 ~ ~  a r e  &so shown i n  Fiigure 2. 
ideal countercurrent system corresponde to the lowest hydrogen requirements 
even where a very la rge  number of stages are used. 

Calculated 

The curve for  the  

The method of calculation vas a graphical one and similar to that 
used i n  conventional countercurrent adsorption calculations. 

Al l  of our experimental data were obtained i n  a single stage fluidized 
system, 
calculated c w e s  i n  Figure 2. 
of the observed hydrogen su l f ide  t o  hydrogen r a t io  i n  the product gas w i t h  the 
r a t i o  that corresponds to an "equilibrium" condition. These data axe given i n  
columns 10 and ll of Tables I and 11. 

Some of our experimental points are shown f o r  comparison w i t h  the 
Also a comparison is made i n  case of  all the m s  

It is noted that only under the very mildest conditions used was the 
amount of desulfurization l e s s  than corresponde to  "equllibrium", Le., a t  
hydrogen partial pressures of one atmosphere o r  less o r  a t  temperatures b e l m  
1350'F and residence times of the order of 20 minutes o r  less .  

It is  also seen t h a t  under the  more severe conditions, i.e., at 
hydrogen par t i a l  pressures above about 3 atmospheres that the smount of de- 
sulfurization achieved w a s  greater than corresponds to  "equilibrium". Thus 
at the most severe conditions employed, i.e., t o t a l  pressure ll atmospheres, 
28 minutes residence t i m e  and 1 6 ~ ~ 3 ~ ~  the mount of desulfurization achieved 
was b e t t e r  than could be obtained under "equilibrium" conditions even if the 
char w a s  devolatilized i n  a separate stage before desulfurization. 

It is apparent from this violation of the "equllibrium" desulfurizaticln 
concept that the sulfur in the raw char is  i n  a more  labile condition bo# i n  



the  thermodynamic and kine t ic  sense than after the char had been thermally 
treated f o r  several  hours. me experimental data upon which the  total i n -  
hibi t ion isotherms are based uuavoidably involved thermal treatment Of the 
char f o r  several  hours. 
sulfur  t o  a more s table  form. 
Powell' who ascribed it t o  a t rans i t ion  f r o m  the absorbed to  s o l i d  solution 
states.  

l h i e  undoubtedly causes a transformation of the  
Such a phenomenon was previously noted by 

It i s  clear ,  from the above, t ha t  the hydrogen circulat ion require- 
ments as glven in Figure 2 are conservative and that better results can be 
obtained i n  practice a t  least under re la t ively severe operating conditions. 

It i s  probable, however, tha t  the equilibrium curves of Figure 2 
would adequately predict  the hydrogen requirements f o r  the production of 
lower sulfur c h a r s  of the order of 0.6 weight percent or better. This I s  in- 
diceted by the results of Run Eo. *. 
desulfurized t o  1.47 weight percent sulfur was fur ther  desulfurized a t  1600°F 
and 6 atnospheres to  produce a product char of 0.62 w e i g h t  percent sulfur. 
The amount of desulfurization achieved corresponded quite closely to  the 
"equilibrium" condition. 
severe, however, to produce a greater than "equilibrium" amount of desulfuri- 
zation w i t h  the normal. high sulfur feed char. 

Eere a char that hadbeen previously 

These same experimental conditions were suff ic ient ly  

Kinetics of kau l fu r i za t ion  Process 

The above data suggests that the net  rate of desulfurization i s  
determined by the competition between two processes, namely, the  thelmal 
f ixat ion of the sulfur t o  produce a more stable form and its rate or removal 
by hydrogen while s t i l l  i n  the labile form. 

Since thermal f ixat ion occurs more rapidly the higher the temperature 
it would not be surprising t o  f ind an optimum temperature for maximum d e s d -  
f i r izat ion.  some of the d i f f e r e n t i d  rate data presented i n  the previous paper2, 
i.e.,  Figures 6 and 7 suggests the possibi l i ty  of an optimum rate a t  about 1450°F 
f o r  desulfurization at l o w  pressures of the order of one atmosphere. 

The present data are not very suitable f o r  kinet ic  interpretat ion 
since "equilibrium" conditions o r  better were  achieved i n  nost of the runs. 
An empirical approach t o  the question of the re la t ive  desulfurization rates 
at l 3 p  and 1600"~ w a s  therefore used. 

The desulfurization efficiency i s  shown i n  Figure 3 as a function of 
an empirical severi ty  factor.  The desulfurization efficiency i s  defined as 
the ratio of the hydrogen sulfide concentration observed i n  the exit gas to 
that which would be obtained if "equilibrium" were acbieved. 
factor i s  rather a rb i t r a r i l y  defined as the p a r t i a l  pressure of hydrogen in 
the e x i t  gas multiplied by the square m o t  of the solids residence time. 

The serer i ty  

These data i l l u s t r a t e  the point discussed e a r l i e r  tbat equilibrium 

The bulk of the data were at the two temperature8 of 1350'F and 

conditions or  be t te r  were achieved i n  most of our runa. 

1 6 0 0 ~ ~ ~  respectively. 
perature levels  wae made to discern whether any difference i n  desulfurization 
ease could be noted. 

A s t a t i s t i c a l  analysis of the  data at these two tem- 

A best  straight l i n e  w a s  drawn thmugtz the or igin in 



both cases by the method of least squares. 
origln for physical reasons since i t  is  obvious that the desulPurization 
efficiency should be zero vben the severity factor i s  zero. 

Ple l i nes  w e r e  forced through the 

A difference i n  slope between the 1 3 9 ° F  and 1 h o F  data is apparent. 
The analysis of variance was  applied to these data t o  detemine whether t h i s  
difference i n  slope i s  a real effect o r  s 

t o  2.1 vas obtained. 
equal t o  0.95 is  found that the difference i n  slopes is  red. 

required to achieve equilibrium o r  be t te r  desulfurization a t  135O'F than a t  

ly a resu l t  of the random scattering 
of the  data. The t-test outlined by Youden 9 was applied and a value for t equal 

Since the system has 16 degrees o f  freedom, a probability 

It  is therefore concluded that l e s s  severe operating conditions are 

1 6 0 0 ~ ~ .  

This is i n  accord with the above discussion on re la t ive  rates of 
thermal f i a t i o n  and removal of sulfur. 

Methane Y i e l d s  and Approach to Equilibrium 

The data are potent ia l ly  of conmrercial i n t e re s t  t o  the problem of 
producing pipeline gas by partial hydrogenation of char a t  low pressures. It 
is of in te res t  f i rs t  of all t o  examine the  data t o  detelmine how much methane 
is produced re la t ive  t o  the graphite hydrogen equilibrium. 

in the effluent gas f rom the 
l j y l O P  fresh hydrogen runs all, w i t h  the e x c e a o n  of R u n  57, fall irithin the 
range of 19 to 53. Since the equilibrium constant i s  10 a t  t h i s  tenperature, 
it is c lear  tha t  the methane content of all the fresh hydrogen runs a t  l j p O B  
f a l l  short  of the graphite equilibrium value. 

Figure 4 shows the  approach t o  t he  graphite equilibrium i n  the fresh 
hydrogen runs a t  1600'~'. In this case it is  seen that the nethme content of 
the gas i s  greater than the equilibrium value a t  pressures below 4 atn;ospheres. 
Even at the highest pressure studied, i.e., a t  eleven atmospheres the nethane 
concentration approaches within 65 percent of the equilibrium value. 

%e equilibrium constants K = P H ~ P  

B e  high methane y ie ld  i n  relationship to the graphite equilibrium 
can be ascribed t o  the  se lec t ive  hydrogenation of the vo la t i l e  matter of the 
char as was proposed previously by Dents. 
t rol led by the graphite equilibrium. 

The approach t o  graphite equilibrium i n  the recycle gas runs is  
i l l u s t r a t ed  i n  Figure 5. It is seen that the  methane concentration a t  all 
temperatures studies is well i n  excess of the graphite equilibrium value. 
The methane in these runs is produced by thennal decomposition of the char 
vo la t i l e  matter. The methane yie ld  i n  such a process would a lso  obviously 
not be controlled by the  graphite equilibrium. 

the methane yield, everything else being equal, increases w i t h  the operating 
pressure. A somewhat higher yield on the average is obtained at 1350°F than 
at 1600~~. 

Such a process Fauld not be con- 

An examination of the data for the fresh h;Vamgen runs shows that 

The yield of methane in the fresh hydrogen runs i s  al- greater 
than i n  the recycle runs even at  low pressures. 
of methane is a p p r o m t c l y  3.5 times greater i n  the fresh hydrogen runs. 

A t  U atmospheres the f i e ld  

F 

i 
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RPaction Rate Constants 

~n e a r l i e r  studys gave quite extensive i d o m a t i o n  on the rate of 
hydrogenation of devolatilized char. 
present data on raw char with the previous data. 

It would be of i n t e r e s t  to compare the 

'The data at 1600~~ could be more eas i ly  compared since there are 
ea r l i e r  deta a t  the same temperature. Unforlxmately, the close approach t o  
methane equilibrium makes a k ine t ic  analysis of these data r e l a t ive ly  mean- 
ingless. 

This problem does not ex i s t  eth the 1350°F data and the ra te  con- 
stants are  s h m  as a function of the amount of methane produced i n  Figure 6. 

The r a t e  constants are calculated on the  assumption that the reaction 
It i s  also assumed tha t  

Also i n  calculating the rate the yield 

ra te  is f i r s t  order Kith respect to hydrogen pressure. 
the gas i n  the f lu id  bed i s  perfectly mixed, i.e., the ou t l e t  partial. pressure 
of hydrogen controls the reaction rate. 
of nethane produced by devolati l ization was subtracted from the observed methane 
yield. 

For comparison purposes the  r a t e  constants f o r  devolatilized char a t  
the lowest tenperature investigated, i.e. , 1500°F, i s  shorn. 

It is seen tha t  it is  not possible t o  cor re la te  all the  experimental 
points over the  whole pressure range. A l l  the points at 3.0 atmospheres 
pressure l i e  approximately on a straight l i n e .  %e l i n e  i l l u s t r a t e s  the rapid 
decrease i n  r a t e  t o  a value more in l i n e  with tha t  of devolati l ized char as 
t k e  a o u n t  of char hydrogenated to methane increases. 

The higher pressure points are insuf f ic ien t  i n  number t o  point up 
any def in i te  trends. However, the f i r s t  order r a t e  constants, at  the same 
l eve l  of methane y ie ld  def in i te ly  increase with pressure. 
jectilred, therefore, that  the period of abnonnally high hydrogenation ra te  
extends t o  higher methane yields as the  pressure i s  increased. This would 
have to  be confirmed by more experimental data, however. 

It may be con- 

! 

Gas Yields i n  Char Devolatilization 

!be devolati l ization of char could conceivably be of conrmercial 
in te res t  f r o m  the point of view of hydrogen production. It is noted in 
Table V, f o r  exauple, t ha t  the gas produced by devola t i l i za t ion  at1600'F 
contains b e t t e r  than 70 percent hydrogen o r  b e t t e r  than 80 percent of hydrogen 
plus carbon monoxide. 

The y i e l b  of these gases as well as the  hydrogen concentration 
increases rapidly with the temperature. The yield-temperature relationship 
i s  shown i n  Figure 7. 

The r e l a t ive  constancy of the liquor yie ld  and the increased yield 
of carbon monoldde Kith increasing temperature can be assumed t o  show in- 
creasing d i r ec t  gasification with temperature of the char by the water vapor 
present i n  the mystem. 

b 
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Run 
KO - 
54 
55 
51 
14 
16  
23 
19  
18 
39 
40 
57 
59 
12  
42 
32 
29 
11 
31 
56 
58 
41 
60 

RUn 
NO. 

27 
25 
38 
26 
33 
34 
36 

_. 

Dry Char 
Feed Rate 
Lbs. /Hr. 

7.26 
7.29 
6.91 
3.87 
3.73 
6.01 
5.32 
5.16 
5.97 
3.34 
7-07 

11.61 
2.13 
3-30 
5.96 
5.92 
5.83 
7.93 
8.31 
3.64 

12.62 
12.75 

Dry Char ' 

Feed Rate 
Lbs. /Hr. 

3.69 
3-90 
1.60 
3.82 
1.70 
3 . n  
5.49 

Temp,OF 
1202 
1202 
1206 
13 50 
13 61 
13 48 
1348 
1358 
13 45 
13 58 
13 42 
13 50 
1600 
1592 
1601 
1599 
1591 
1611 
1590 
1601 
1601 
1597 

Press. 
Atm. 

3.01 
3.01 
3.01 
1.28 
1.21 
1.40 
3.00 
3-00 
3.01 
3.00 
6.06 

11.17 

1.38 
2.98 
3.00 
3.01 
5.99 
6.07 
6.07 

11.16 
11.18 

- 

1.05 

Temp. f 
OF 

1099 
1330 
13 48 
1345 
1599 
1594 
1606 

- 
Press. 

Atm. 

3.00 
1.34 

- 

1.37 
3.01 
1.30 
3.01 
6.04 
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Table I 

Fresh Hydrogen Runs 

Operating Data 

Inlet Res. 
P H ~  H2/Char nme 
Atm. SCF/Lb. 

2.41 12.7 11 
2.34 12.6 23 
2.40 13.6 36 
1.08 15.2 21 
1.04 15.6 78 
0.99 5.9 47 
2.48 16.2 20 
2.43 16.8 40 
2.36 14.5 54 
2.66 35.8 58 
4.59 20.2 44 
8.6 22.6 26 
0.87 14.4 50 
1.19 15.3 64 
2.50 15.1 16 
2.51 15.4 57 
2.74 23.9 44 
4.79 15.1 46 
4 . n  14.8 51 
5.45 50.1 53 
8.48 15.9 28 
7.86 16.1 28 

- 

Table I1 

Recycle Gas Runs 

Operating Data 

Gas SCF/Lb. 
Rate 

pH2 Total 
Atm. Recycle 

0.74 25.7 
0.72 14.6 
0.70 28.9 

- 

1.38 26.3 
1.02 24.4 
2.12 23.7 
3.91 24.3 

char 
W-gen 
Recycle 

6.7 
8.5 

16.0 
12.8 
18.8 

16.7 
17.3 

s6 
Sulfur i n  Char 

Feed Product E x i t  G a s  Equil. 

PH-=s/~Q x 100) 
Obs. i n  

-- 
2.47 
2.43 
2.33 
2.46 
2.45 
2-52 
2.47 
2.45 
2.40 
2.54 

2.43 
2.46 
2.43 
2.41 
2.52 
2.46 
2.44 
2.50 
1.47 
2.45 
2.40 

.2.33 

1.72 
1.69 
1.61 
1.60 
1.43 

1.40 
1.42 
1.47 

1.24 
1.23 
1 .9  
1.55 
1.51 
1.28 
1.21 
1.19 
1.19 
0.62 
1.12 
1.09 

1.72 

1.31 

0.50 1.55 
0.89 1.34 
0.82 0.86 
0.87 1.24 
0.n 0.66 
1.44 1.72 
0.68 0.64 
0.69 0.65 
0.88 0.88 
0.43 0.42 
0.91 0.28 
0.8(est )  0.28 
0.95 1.52 ~ 

0.64 1.72 
0.69 1.52 
1.02 0.68 
0.71 0.48 
0.87 0.44 
0.88 0.44 
0.27 0.30 
0.68 0.30 
1.00 0.30 

Res. 
Time 

4.4 
52 
48 
52 
52 
57 
64 

$ Sulfur 

Feed Product 

2.34 1.90 
2.50 1.76 
2.45 1.47 
2.37 1.48 
2.40 1.56 

2.47 1.32 

- -  

2.44. 1.28 

$ &S i n  H2 
Obs. i n  
Exit Gas Equil. 

LOO 2.62 
1.07 1-73 
0.79 0.73 
1.07 0.76 
0.62 1.80 
1.03 0.60 
1.11 0.72 



Run 
NO. - 
9+ 
55 
9 
1 4  
16 
23 
19 
18 
39 
40 
57 
59 
12 
42 
32 
29 u 
31 
56 
58 
41 
60 

Run 
NO. 

27 
25 
38 
26 
33 
34 
36 

- 
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Table I11 

Yields and Naterial Ealances -- Fresh EIydrogen FUUS 

Balances Percent Closure Yields -Ut.$ Feed Char Drj 

Total. 

-0.6 
+3.5 
+O. 9 
-1.0 
-0.3 
-1.4 

-0.3 
-3.1 
-1.0 
+4.2 
-2.4 

-2.7 
-1.3 
-3 -3 
-3.0 
-0.5 
-3.7 
+7.3 
+2.1 

+30.8 

- 

- 

+2.6 

Sulfur - 
-15.3 
+3.3 
-7.6 
-1.1 
-6.6 
-8.6 

-1.6 
-2.8 
-8.2 
+3.0 
-8.5 
+9.8 
-6.3 
-3.5 
+0.7 
+o. 0 

-10.8 
-18.8 
-Y.1 
--23.9 

+3.9 

- 

Carbon 

-2.2 
-1.7 
-2.4 
-3.2 
-0.3 
-2.1 

-0.4 
-3.7 
-1.3 
+O.j 
-3.0 
A.9 
-0.4 
-2.9 
-2.6 
-1.3 
-0.7 
-8. IC 
+2.8 
-1.7 

+31.5 

- 

- 

HydroKen 

-7.4 
-4.8 
-7.4 
-2.0 
+o. 5 
-6.5 

-0.9 
-4.6 
-3.5 
-6.5 

-3.9 
-7.0 
+3.2 
-4.1 
-0.6 
-0.8 
-2.1 
-3.9 

-13 * 5 

- 

- 

-3.8 

Char - 
87.9 

87.2 

88.5 

85.5 

- 
87. o 
a7.4 

- 
- 

84.1 

79.4 

86.9 
84.6 

- 
- 

- - 
81.5 - - 
77.1 - 

Table I V  

Yields and Material Balances 

Recycle Gas R u n s  

Balances Percent Cloaure 

Sulfur Carbon wdrogen - Total  - 
-3.6 -0.8 -2.6 +0.1 
-6.9 -4.1 -4.6 -Y.1 
-0.4 4.3 -0.7 +l2.1 
-6.3 +4.4 -6. o +o. 1 

-13.1 -1.6 -11.8 -3.8 
-6.2 +8.8 -5.9 -8.6 
-0.9 +u.3 -1.7 -5.8 

.E4 

2.8 
3.5 
4.0 
2.7 
3.8 
3.7 
4.6 
6.0 
6.4 
7.0 
8.5 
9.9 

3.1 
3.2 
5.3 
5.4 
? e 1  
6.7 
8.8 
5.7 
8.6 

- 

co 
2.4 
3.3 
2.8 
3.7 
3.1 
3.2 
2.3 
2.6 
2.4 
4.7 
4.7 
4.5 

5.8 
2.7 
4*3 
4.3 

0.6 
9.2 
6.9 
7.2 

- 

5.4 

.. 

330 

2.3 
2.3 
1.8 
4.1 
2.8 
2.3 
3*3 
3.3 
3.4 
2.9 
3.4 
5.1 

- 

- - - 
2.0 
0.7 
2.5 
4.8 
1.3 
2.6 
j.5 

wt.$ Yield 

Solid - GaS Liquor - 
2.4 3.4 93.6 
6.6 3.1 89.6 

7.2 3.1 88.4 
7.1 3.4 88.7 
8.0 3.0 87.5 

7.6 2.6 89.3 ! 
/ 
1 

- - - li 
1 



i. 
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Table V 

Gas Analysis and Y i e l d s  

Recycle Gas Runs 

D r y  Gas Analysis 
Gas Yield - H r S  - co3 - %  co s?zS SCF/Lb. 

0.64 0.26 11.7 16.6 43.7 0.4 

2.72 0.44 3.5 14.7 24.7 - 
j.94 0.48 1.4 10.1 10.6 - 
4.06 0.75 0.8 12.9 11.8 - 

2.51 0.63 j .6  11.6 24.3 0.3 

2.42 0.52 2.3 14.8 32.0 0.3 

Table VI 

Solids Analjsis - Recycle Gas R u n s  

Sulfide 
Ultimate Andlysis (Dry  Basis) Plus 

E C 

Avver.-%e Feed Char 3.10 78.08 

Product Chars 

27 2.72 82.07 
25 1.55 85.31 

26 1.90 85.11 
33 1.06 85.57 
34 0.78 85.15 

38 1.42 84.49 

m 0 

1.76 5.69 

1-77 1-93 
1.52 -0.17 
1.34 1.36 
1.45 -0.34 
1.21 -0.07 
1.15 0.9 

Pyritic 
S Sulfur  

2.44 0.63 

1.90. 0.18 
1-75 0.23 
1.47 0.24 
1.48 0.25 
1.56 0.33 
1.28 0.38 

1.9 
2.2 
2.9 
2.7 
2.4 
2.5 

Ash 

8.93 

9.61 
10.04 

9.7a 
10.40 
10.53 
10.66 

42 

25.5 
57.4 
53.8 
47.4 
75.0 
n.3 

M o i  8 ture 

4.0 



FIGURE 3 
VARIATION ff 

SEVERITY F r n . P y X + =  



4 9 -  

FIGURE 5 

IN RECYCLE GAS RUNS 
APPROACH TO METHANE EQUILIBRIUM 

6C 

5c 

FIGURE 6 
FIRST ORDER 

REACTION RATE CONSTANTS FOR HYDROOENATION 
OF FRESH AND O E W T I L I Z E D  CUPSIS 

0 

FIGURE 7 
HYDROGEN YIELDS FROM CHAR 

DEVOLATILIZATION 
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